MDCO. For patients with adult-acquired flatfoot deformities resulting from posterior tibial tendon deficiency, the MDCO was initially described as an adjunct to offload the flexor digitorum longus (FDL) transfer. 31 The MDCO has demonstrated longstanding effectiveness in this capacity and is also often combined with additional osteotomies, including lateral column lengthening and/or medial column dorsal opening wedge osteotomies with favorable clinical results. 16, 17, 22, 29 The MIS MDCO may be performed concurrently with these procedures. In addition, the MIS MDCO is a viable operative adjunct for patients with Johnson and Strum stage II or III flatfoot undergoing a hindfoot arthrodesis procedure with residual hindfoot valgus. 18 MIS MDCO may also be used in the young patient with symptomatic adolescent idiopathic pes planovalgus deformity.
Contraindications
Contraindications for the MIS MDCO are like those of the open MDCO. These include symptomatic arthritis of the subtalar, talonavicular, and calcaneocuboid joints, which makes triple arthrodesis a preferable option to MIS MDCO. In addition, because the MDCO is often performed with an FDL tendon transfer, there must be enough motion in the subtalar joint, typically cited as 15 degrees, for the tendon to overcome the valgus deformity. Likewise, there should be approximately 10 degrees of adduction motion through the transverse tarsal joints to allow the transferred tendon the ability to lock these joints during gait. 10 Consideration may be given to performing a triple arthrodesis in place of a joint-sparing reconstruction for obese patients with symptomatic flexible flatfoot; however, such an approach is largely based on expert opinion. Joint-sparing reconstructions are not necessarily contraindicated. 13, 37 Patients with compromised vascularity are not candidates for elective reconstructive surgery of the foot, including MIS techniques. All patients should undergo routine assessment of perfusion before surgery without deviation from preoperative evaluation typical to open procedures. In addition, patients with a poor soft tissue envelope over the lateral heel are not candidates for the procedure. Active infection of the calcaneus or overlying soft tissues are also contraindications.
Recognized potential risk factors for nonunions of the foot and ankle should also be reviewed carefully with each patient before proceeding with any surgery (Table 2) . 39 All attempts should be made to ameliorate the potential deleterious effects of these risk factors. The MIS osteotomy should not be used as a means to expand the indications for reconstructive surgery of the foot.
Operative Technique
1. The MIS MDCO is performed under general anesthesia or with sedation and use of a local anesthetic ankle block. A mini C-arm is positioned on the side of the operative limb. 2. The patient is positioned supine on the operating table with a substantial bump (rolled towels or bean bag positioner) placed under the ipsilateral hip to facilitate access to the lateral heel. The surgeon may elect to remove the bump or deflate the bean bag positioner intraoperatively to gain access to the medial aspect of the foot if required. 3. Prophylactic antibiotics are administered intravenously prior to operative incision. 4. The limb is prepped and draped to the level of the knee. 5. The intended osteotomy site is first determined using fluoroscopy. Extreme care must be taken during this step so as to avoid injury to the neurovascular structures in subsequent steps. The medial malleolus is placed against the receiver, and a lateral radiograph of the ankle is obtained as indicated by perfect overlap of the medial and lateral talar domes. The safe zone for avoiding the sural nerve can be determined radiographically by tracing a line from the origin of the plantar fascia extending to the posterosuperior aspect of the tuberosity. The burr should be placed in a region between this line and another parallel and 11 mm anterior to it ( Figure 1 ). 6. This same region can be identified through another method in patients with distorted anatomy, such as those who have undergone previous surgery for insertional Achilles tendonitis. Using this technique, a line is drawn from the apex of the angle of Gissane to the most posterior aspect of the calcaneal tuberosity. A line traced parallel to the intended osteotomy is made at a point 60% of the distance from the angle of Gissane to the most posterior aspect. The safe zone can be reliably determined by defining a region extending 5.6 mm anterior to this line. 7. The location is marked on the skin over the center of the calcaneal body ( Figure 2 ). 8. An 8-mm skin incision is made coinciding with the marked location along the intended trajectory of the osteotomy (typically 45 degrees to the plantar surface of the hindfoot). 9. A small hemostat is used to carefully spread the underlying soft tissues to the cortical bone, parallel to the incision, to retract the sural nerve. 10. A small periosteal elevator (Freer, Joker) is advanced in the trajectory of the intended osteotomy proximally and distally to provide a corridor for the burr. 11. A 2.5-mm Shannon burr (end-and side-cutting burr)
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is advanced across the calcaneus perpendicular to the long axis of the calcaneus. The trajectory of the burr should follow that of the fluoroscopic beam with the limb maintained in the same position used to obtain the appropriate lateral view of the ankle marked by overlap of the medial and lateral aspects of the talar dome. The burr is carefully advanced through the far cortex. The burr is disconnected from the drive unit while position is checked fluoroscopically ( Figure 3) . If the surgeon wants to shorten the heel, the burr may be angled slightly anterior. If lengthening is needed, the burr is aimed posteriorly. The latter may make medial translation more difficult because this lengthens the heel. 12. An axial view of the heel should be obtained to ensure the that the osteotomy site will be perpendicular to the long axis of the calcaneus. These should be advanced gently through the medial cortex. 15. The Shannon burr is swept within the jig both dorsal and plantar. A sweeping motion should be used to include the lateral one-third to two-thirds of the calcaneal bone width. An assistant should stabilize the jig during this part of the procedure ( Figure 5 ). The burr is not easily swept through the medial aspect of the calcaneus, where the bone is particularly dense, especially in young individuals. The medial cortex may require fenestrations with the burr using several careful passes through the medial cortex and then connecting them with a fluid, sweeping motion. Fluoroscopic views should be obtained intermittently to ensure that the path of the osteotomy has not shifted. The kerf of the burr is easily visualized fluoroscopically. The osteotomy and jig should be intermittently cooled with normal saline to prevent heat necrosis. In addition, an appropriate high-torque (80 Ncm), low-speed (3000 rpm) setting should be used because high speed may also cause heat necrosis. Constant saline irrigation using a syringe is recommended during cutting. 16. The lateral cortex is often not included in the osteotomy by the burr while within the jig. The jig and fixation pins are removed, and a short burr is used to complete the osteotomy using a freehand technique. Completion of the osteotomy can be determined through tactile sensation and by a change in pitch of the burr. The heel will also be freely mobile, and fluoroscopy will reveal a decreased radiolucent kerf from the burr due to collapse of the fragments onto one another. 17. A lamina spreader is placed in the osteotomy to relax the soft tissues. The osteotomy site is copiously irrigated with sterile normal saline using an angiocatheter to remove all morselized bone fragments. 18. The ankle is plantarflexed to relax the Achilles tendon. Excessive tension may inhibit sufficient translation. The tuberosity fragment is translated medially to obtain the intended correction (usually 8-13 mm). Medialization can also be facilitated through levering the fragment within the lateral cortex using a Freer elevator. A lateral shift for correction of hindfoot varus can also be obtained using this same approach. 19. The degree of translation is determined using an axial heel fluoroscopic view and direct visualization. 20. Fixation may be performed with either a plate or a screw construct. For MDCOs, a percutaneous blade plate (Wright Medical) is used, which facilitates adequate shift and avoids the need for an incision at the heel. For lateralizing calcaneal osteotomies, an axially directed screw is used perpendicular to the osteotomy and aimed toward the dense subchondral bone. 21. Once the intended shift is attained, it is provisionally held with an axially directed percutaneous 0.062-inch K-wire ( Figure 6 ). 22. The blade plate is inserted through a separate incision made 2.5 cm posterior to and in line with the first incision. A periosteal area is used to facilitate passage of the plate between the 2 incisions.
23. The plate is inserted and advanced toward the osteotomy (Figure 7 ). 24. A lateral fluoroscopic view is used to determine that the plate is fully seated to the osteotomy (Figure 8 ). 25. A drill is used through the cannulated set screw of the plate in preparation for placement of the locking screw in the proximal tuberosity fragment. The drill must be orthogonal to the plate, and alternatively, a locking tower can facilitate this after removal of the inserter. The locking screw is placed ( Figure 9 ). 26. The inserter is released from the plate by releasing the set screw through the first incision, and the inserter is gently rocked to disengage it and remove it from the heel. 27. The drill guide for the pocket screw is inserted into the plate toward the sustentaculum anteriorly and medially but not through the medial cortex so as to avoid injury to the neuromuscular bundle. 28. Screw length is measured and a screw at least 4 mm shorter should be used to avoid overpenetration. Insertion of the screw will provide modest compression of the osteotomy site. 29. Both lateral ( Figure 10A ) and axial ( Figure 10B) views should be obtained to demonstrate appropriate hardware position, compression of the osteotomy, and degree of shift provided.
Alternative Osteotomy Technique Without Jig 1. If a jig is not available, an alternative technique may be employed using a K-wire as a guide. 26 Once the Shannon burr is advanced, with the limb held in a position to obtain a lateral fluoroscopic view, a K-wire is used to mark the intended trajectory of the osteotomy site, slightly posterior to the course of the burr. This is marked on the skin. 2. The K-wire is then advanced along the marked course percutaneously from dorsal-proximal to plantar-distal. The K-wire should abut the posterior aspect of the Shannon burr. This is confirmed fluoroscopically. 3. The burr is then swept proximal and distal with several passes using the lateral cortex as a fulcrum. The K-wire serves as a tactile and visual guide for the Shannon burr, and an assistant stabilizes the heel and K-wire during burring.
Pearls and pitfalls are shown in Table 3 . • • Ensure that the osteotomy exits the plantar aspect of the calcaneus anterior to the plantar fascia origin. Failure to do so may both limit displacement and result in substantially greater postoperative discomfort. • • Thoroughly irrigate the burr constantly while actively cutting. The amount of work done on the bone is substantially higher with a burr than with the small kerf of a saw blade; irrigation dissipates the heat generated in the process. • • Irrigate the osteotomy site after completion to remove any morselized cancellous bone.
• • Use a small laminar spreader if necessary to facilitate opening and displacement of the osteotomy site.
• • In the harder bone typically found in younger patients, it may be difficult to sweep the burr across the far (medial) cortex. If this difficulty is encountered, create a series of small punch holes in the far cortex by using the burr vertically. • • Ensure that the osteotomy is normal to the bone or is aimed slightly anteriorly. If the osteotomy is oriented posteriorly, it will lengthen the calcaneus when displaced and excursion will be limited by the soft tissues. • • There is potential for wound drainage in some patients given the relatively large bony cut accomplished through a small incision.
Nonabsorbable (nylon) closure is recommended both for strength and to reduce reactivity.
Fixation Considerations
Screw constructs have traditionally been used as fixation for calcaneal osteotomies. 3, 7, 9, 30, 35 Although screws have demonstrated success in providing sufficient fixation to promote osseous union, patients may find the apical heel incision symptomatic, and pain over the screw head may necessitate hardware removal. 3, 35, 40 Screw removal may be required in 20% of individuals.
1 Alternative fixation methods have been developed, such as lateral step plates and blade plates, but few comparative studies are available. In a cadaver study, Konan and colleagues 21 found that a lateral locked step plate was stronger that a single cannulated 7-mm screw. One study by Abbasian and colleagues 1 compared fixation methods performed following open calcaneal osteotomies using headed screws, headless screws, or a lateral step plate. Fortyseven percent of the patients with headed screws, 11% with headless screws, and 6% with a lateral plate required subsequent surgeries for hardware removal. They also reported a 6% rate of delayed union and 10% rate of wound complications in the lateral plate cohort. It should be noted, however, that these procedures were performed open using an L-shaped incision. The authors concluded that the soft tissue dissection, as well as less osteotomy compression using the step plate, may have contributed to a higher incidence of wound complications and nonunion.
Some studies have suggested that the need for subsequent surgery for hardware removal may be lower using lateral plate fixation. 1, 28 A percutaneously applied blade plate for fixation avoids the need for extensive soft tissue dissection, has a lower profile compared with use of a step plate, allows for compression across the osteotomy, and anecdotally has demonstrated sufficient strength to allow patients to begin weightbearing at 6 weeks in our experience. Lucas and colleagues 28 retrospectively evaluated 228 patients who underwent an open calcaneal osteotomy using a lateral locking plate (EdgeLock Plate; OrthoHelix Surgical Design, Medina, OH) in 63 patients and screws in 165 patients. The authors reported similar time to union in both groups but a 20% rate of hardware removal in the screw group compared to 2% in the plate group. Although the cost of screws is generally less than that of a plate, the plate construct may be less costly overall when the rate of hardware removal is taken into account.
Postoperative Protocol
The sutures used to close the percutaneous incision can typically be removed at 10 to 14 days. In most cases of flatfoot correction, the procedures other than the calcaneal osteotomy will dictate the speed of recovery. When a calcaneal osteotomy is performed as the only bony procedure, partial weightbearing can be allowed at 4 weeks postoperatively in a protective walking boot and hindfoot motion can be initiated in physical therapy. Full weightbearing is typically allowed at 6 weeks along with strengthening activities. The transition to regular footwear occurs at 8 to 12 weeks postoperatively.
Complications
The paramount concern in performing MIS osteotomies is avoidance of injury to the adjacent neurovascular structures. These include the sural nerve, lesser saphenous vein, tibial neurovascular bundle, and the plantar and calcaneal branches of the tibial nerve. Because an extensive dissection is not performed with the MIS technique and there is no direct visualization of the lateral structures at risk, including the sural nerve, a precise knowledge of the location and relation to fluoroscopic landmarks of these structures is required.
Osteotomies of the calcaneus performed through a lateral approach may increase risk to the medial neurovascular structures through direct injury from penetration of the medial cortex, reduction in tarsal tunnel volume from the resulting shift, or compression from the inferior flexor retinaculum. 2, 24 Reports of the latter 2 complications are scarce. In addition, complications involving nerve entrapment would not be expected to be different with MIS vs open techniques. It is speculated that these complications occur due to the corrective shift. 2, 24 The neurovascular structures in close proximity to calcaneal osteotomies have variable courses and branching patterns. 8, 14 A cadaveric study of the medial neurovascular structures at risk in open lateral calcaneal osteotomy found that an average of 4 and minimum of 2 neurovascular structures crossed the osteotomy site. 8 These were most frequently branches of the lateral plantar nerve and branches of the posterior tibial artery. The medial plantar branch was not at risk. 8 Havel et al 14 found that the tibial nerve most frequently divided into the medial and lateral plantar nerves within the tarsal tunnel, but it divided proximal to the tarsal tunnel in 7% of cases. The authors noted greater variability in the anatomy of the medial calcaneal nerve, with up to 9 different patterns observed, the most frequent being a single nerve. However, Davis and Schon 4 reported multiple calcaneal branches in 60% of specimens used in their cadaveric study of the tarsal tunnel.
On the lateral aspect of the heel, the sural nerve and its branches are at risk. Lawrence and Botte 25 reported an average of 3 branches of the sural nerve extending to the lateral heel as lateral calcaneal nerves. These originated a mean distance of 34.7 mm proximal to the tip of the malleolus. These findings have been replicated in a separate anatomic analysis, and its authors also revealed a larger primary calcaneal branch originating more proximal in 70% of specimens. 5 These sural nerve branches are the lateral structures at most risk because they cross the osteotomy site for the open or MIS procedure. 5, 38 Durston and colleagues 5 evaluated the incidence of penetration to these structures by 11 orthopedic surgeons novice to the MIS procedure with a Shannon burr. They used a freehand technique and made a chevron-type osteotomy. A lateral calcaneal nerve branch was transected in 15.4% of specimens and was independent of surgeon experience. Talusan et al 38 found that injury to the lateral calaneal nerves was less frequent using the Shannon burr for an MIS technique than using an open technique with a saw in a cadaveric study. They speculated that this may be due to less soft tissue retraction using the MIS technique, which prevents avulsion of the nerve branches, as well as the rotation of the side-cutting burr being less injurious than the translation motion of a saw.
The proximity of neurovascular structures to the osteotomy is determined by the chosen osteotomy site. Myerson et al 32 advocated performing the osteotomy 1 cm posterior to the posterior talar process and at a 45-degree angle to the plantar hindfoot. Consideration was not explicitly given to avoiding injury to the adjacent neurovascular structures. In a cadaveric study of structures at risk with the open procedure, the osteotomy was made within 5 mm posterior to the peroneal tubercle, and the proximity of the neurovascular structures was determined as previously detailed. 8 Bruce and colleagues 2 determined that more anteriorly oriented osteotomies placed the tibial nerve in greater proximity to the osteotomy exit compared with a posterior-directed osteotomy.
Talusan and colleagues 38 performed a cadaveric study to determine a region of the calcaneus as identified on fluoroscopy that could be reliably used to avoid iatrogenic injury to the lateral and medial neurovascular structures. In that study, lateral and medial nerves were marked with radiodense wires fixed along the course of the medial plantar nerve, lateral plantar nerve, medial calcaneal nerve, and sural nerve. The limb was then held in the position to obtain a perfect lateral radiographic view, and a region of the calcaneus was determined that reliably excluded the course of these structures. This region was defined as a line drawn from the plantar fascia origin to the posterosuperior apex of the calcaneus. The region defined by this line and another 11.2 mm anterior and parallel to it represent a region that could be easily used in the operating room to avoid injury. In addition, the authors determined that these structures would be at greatest risk in the superior and plantar aspects of the osteotomy and recommended that the incision be limited to the center of the tuberosity.
Discussion
There are few reports in the literature on outcomes of MIS calcaneal osteotomies using a Shannon burr. Kheir and colleagues 20 retrospectively reviewed 30 cases of MIS MDCO, 29 performed with a posterior tibial tendon reconstruction and 1 for a malunited calcaneal fracture. They reported clinical union in all cases, no wound-or neurovascular-related complications, and appropriate correction of the hindfoot to a neutral position. Unlike the technique detailed in this article, Kheir and colleagues used a freehand technique. They reported ease in translating the osteotomy because the kerf of the burr removes approximately 3 mm of bone, which is more than that removed with a saw. This effectively shortens the heel and facilitates translation. They fixed the osteotomies with axial screws; 1 patient required screw removal.
Kendal and colleagues 19 reviewed 31 patients who underwent an MIS procedure using a freehand technique for correction of both cavus deformities and flatfoot and compared them with 50 patients who underwent open calcaneal osteotomy. They reported a mean displacement of 9.4 mm in the MIS group compared with 10.2 mm in the open group, with significantly fewer wound complications in the MIS group compared with the open technique group, 6.45% and 28%, respectively. In the MIS group, there was 1 nonunion and no cases of postoperative neuropathy. All open procedures had union and 6% had sural neuropathy postoperatively. The wound complication rate was 20% in the open osteotomy compared with 3% in the MIS group. The study is limited by its nonrandomized design and is subject to potential selection bias.
Summary
MIS calcaneal osteotomy offers the potential for surgeons to safely and reliably perform powerful corrections of the hindfoot. Use of a guidance jig adds predictability to the technique. The MIS calcaneal osteotomy has the potential advantages of decreased postoperative pain, wound complications, selling, and iatrogenic injury to neurovascular structures, while obtaining the same correction afforded by open techniques.
